Introduction
Histoplasma capsulatum is a dimorphic fungal pathogen that has a broad spectrum of disease activity worldwide. The course of infection generally is mild in immunocompetent individuals unless they inhale a large concentration of the saprophytic conidia. In contrast, H. capsulatum may produce lethal disseminated infections in individuals immunocompromised by hematologic malignancies, cytotoxic therapy, or HIV, as well as in transplant recipients and patients receiving corticosteroids or anti-TNF α therapy [1 -6] .
The saprophytic colony of H. capsulatum is a mycelium consisting of hyphae which bear macro-and microconidia environment for the transformation of conidia into yeasts than would the extracellular environment of the alveoli. Further, the interaction of conidia with DC has not been investigated.
The focus of the present studies was to determine if M φ provide a favorable environment for the transformation of conidia into yeasts, and to determine the fate of conidia within DC. Our results demonstrate that M φ do not provide a more permissive or restrictive environment for the transformation of conidia into yeasts as compared to tissue culture medium. In contrast, conidia ingested by DC are severely restricted in their ability to transform into yeasts compared to M φ , similar to the capacity of DC to restrict the growth of yeasts [16] .
Materials and methods

Yeasts
Yeasts of H. capsulatum strain G217B were maintained as previously described [15] . Standard G217B yeasts or green fl uorescent protein (GFP)-expressing yeasts were grown in Histoplasma macrophage medium (HMM) [17] at 37 ° C with orbital shaking at 150 rpm.
Construction of H. capsulatum expressing GFP
Recombinant GFP was purchased from Invitrogen (Carlsbad, CA). A GFP-expressing strain was prepared by Agrobacterium tumifaciens -mediated transformation of H. capsulatum strain G217B as described previously [18] . Briefl y, the GFP gene under the control of the H. capsulatum calcium-binding protein promoter was cloned downstream of the bleomycin-resistance cassette with the Aspergillus nidulans tryptophan synthetase terminator at the 3 ' end. Thus, GFP only would be expressed in the yeast phase [19] . Indeed, examination of the strain during in vitro culture demonstrated no GFP expression during mycelial growth or in the micro-or macrocondidia, but strong GFP expression in yeasts.
Transformation of H. capsulatum yeasts into conidia
To prepare conidia from the yeasts, 48-h-old log phase cultures were diluted 1:2 in HMM, and 20 ml cultures were incubated at 28 ° C for 4 -6 weeks. The conidia cultures were diluted to 45 ml in HBSS and washed three times in HBSS. The conidia were then centrifuged for 4 -6 min at 171 g to remove any remaining yeasts or large clumps of conidia and mycelia. After two more washes in HBSS, the conidia were resuspended to 20 ml and expressed three times through a 27 gauge needle to obtain a single cell preparation. A 10 μ l sample of the conidia was removed and examined under a phase and fl uorescent microscope to insure that there were no yeasts present in the preparation. Conidia were counted on a hemacytometer, standardized to 2 ϫ 10 8 /ml in HBSS containing 10 μ g/ml of gentamicin, and stored at 4 ° C.
Labeling of conidia with CFSE
Conidia were suspended to 5 ϫ 10 7 /ml in 10 μ M CarboxyFluorescein Succinimidyl Ester (CFSE) in PBS and incubated with rocking at 37 ° C for 30 min. After washing twice with PBS, the conidia were suspended to 10 6 /ml in HBSS containing 0.25% bovine serum albumin (HBSA). The conidia then were further diluted in HBSA depending on the experiment.
Preparation of human M f and DC
Human monocytes were purifi ed from blood obtained from Hoxworth Blood Center, Cincinnati, OH, as described previously [20] . Adherent monocytes were cultured into M φ in M199 containing 10% autologous serum and 10 μ g/ml gentamicin (Sigma) for 5 -7 days, either in 96-well tissue culture plates (Corning-Costar, Cambridge, MA), or in 24-well tissue culture plates containing 12 mm-diameter round coverglasses.
DC were prepared from purifi ed monocytes and cultured in media containing recombinant Granulocyte/ Macrophage-Colony Stimulating Factor (rGM-CSF) and recombinant Interleukin 4 (rIL-4) as described previously [16] . DC were studied after 6 -8 days of culture. For infection with conidia, DC were harvested and resuspended to 10 5 /ml in RPMI containing 10% fetal calf serum (FCS) and antibiotic, after which 0.1 ml aliquots were added to the wells of a 96-well tissue culture plate, or 1 ml aliquots were added to the wells of a 24-well tissue culture plate containing round coverslips. After adhering the DC for 1 h, the monolayers were washed and then infected with conidia as described below. The acquisition and use of human blood cells for these studies has been approved by the Institutional Review Board of the University of Cincinnati College of Medicine.
Preparation of murine peritoneal M φ (PM), alveolar M φ (AM), and lung DC
PM were prepared from mice as previously described [21] . Depending on the experiment, PM were seeded into the wells of a 24-well tissue culture plate containing 12-mm diameter round coverslips, or into the wells of a 96-well tissue culture plate. PM were cultured for 24 h at 37 ° C in 5% CO 2 -95% air prior to initiating infection with conidia.
per coverslip and the number of conidia or yeasts was quantifi ed. Results are expressed as the mean Ϯ SEM of the; (1) percent of cells ingesting one or more conidia (Percent Infected), (2) total number of ingested conidia per 100 cells counted (Association Index), (3) percent of cells with yeasts (the percent of cells containing one or more yeasts), and (4) the average number of yeasts per cell.
Quantitation of the transformation of conidia into yeasts by the incorporation of 3 H-leucine . Conidia from strain G217B or conidia from strain G217B that expresses GFP in the yeast phase (2 ϫ 10 4 or 4 ϫ 10 4 ) were added to cells in 96-well tissue culture plates, and phagocytosis was allowed to proceed for 1 h at 37 ° C. Non-adherent conidia were removed by washing, and then the infected cells were cultured for up to 4 days in RPMI containing 10% FCS and 10 μ g/ml gentamicin. After 24 h of culture, wells were inspected on an inverted microscope to insure that there were no extracellular conidia. At each time point, the conversion of conidia into yeasts was quantifi ed by the incorporation of 3 H-leucine. The results are expressed as the mean Ϯ SEM of the cpm incorporated into H. capsulatum yeasts [22] . Experiments were performed in triplicate and 3 -5 experiments were performed with different batches of M φ and DC.
Statistics
Statistical analysis of the data was performed using Sigma Stat (Jandel Scientifi c, San Rafael, CA). Depending on the data, either the standard t-test or the Mann-Whitney rank sum test was used for comparison of two groups. Results were considered signifi cant at P values of Ͻ 0.05.
Results
In initial attempts to observe the transformation of H. capsulatum conidia into yeasts, we found that once the conidia had been ingested by M φ they could not be distinguished from yeasts by size. This problem was alleviated by construction of yeasts expressing the gene for GFP which is under the control of the calcium binding protein promoter that only is expressed in the yeast phase [19] . Conidia prepared from GFP yeasts did not display any endogenous fl uorescence, and eventual expression of GFP was taken as evidence as transformation into a yeast. In addition, we labeled conidia prepared from wild type strain G217B with CFSE to make it easier to quantify them within M φ and DC. After only 1 h of infection, CFSE-labeled conidia were swollen to the size of yeasts, and were easily visualized within M φ by their bright yellow-green color (Fig. 1A) . Twenty-four hours post infection, the conidia had increased considerably in size, and now exhibited only rim fl uorescence from the CFSE (Fig. 1B) . This rim fl uorescence faded To obtain mouse AM, the lungs were perfused with heparin to remove blood. Three ml of HBSS was then instilled into the lung through the trachea and withdrawn. AM were pooled from several mice, washed, and standardized to 10 5 /ml in RPMI containing 10% FCS and 10 μ g/ ml gentamycin. One-tenth ml aliquots of AM were seeded into the wells of a 96-well tissue culture plate, and cultured for 24 h at 37 ° C prior to initiating infection with conidia.
To obtain lung DC, perfused lungs were removed, cut into small pieces, and incubated in RPMI containing 0.7 mg/ml collagenase type XI (Sigma) and 30 μ g/ml of DNase type IV (Sigma) for 45 min in a 37 ° C water bath. The digested lungs were expressed through a nylon screen and centrifuged. Erythrocytes in the pellet were lysed in Gey ' s solution, and the cells washed once in RPMI. DC then were isolated using CD11c microbeads (Miltenyi Biotech) following the manufacturer ' s instructions. The DC were cultured in RPMI containing 10% FCS, 10 mM HEPES, 0.2 mM L-glutamine, 1% non-essential amino acids, 1 mM sodium pyruvate, 100 U/ml penicillin, 100 μ g/ml streptomycin, 50 μ M β -mercaptoethanol, and 20 pg/ml GM-CSF (Peprotech) for 5 -7 days prior to use. Lung DC were harvested and standardized to 10 5 /ml in DC culture medium. One-tenth ml aliquots of DC were added to 96-well tissue culture plates, and then infected with conidia for varying periods of time. The acquisition and use of mice in these studies has been approved by the Institutional Animal Care and Use Committee of the University of Cincinnati College of Medicine.
Quantitation of the transformation of conidia into yeasts via phase and fl uorescent microscopy . To quantify phagocytosis of conidia, H. capsulatum strain G217B conidia were labeled with CFSE, washed three times, and then standardized to 5 ϫ 10 5 /ml. One ml aliquots of conidia then were added to the cells in the 24-well tissue culture plates, and incubated for 1 h at 37 ° C to allow for ingestion. The cells were washed three times with HBSS, and either fi xed in 1% paraformaldehyde in PBS (time 0) or cultured for 4 days in RPMI containing 5% FCS and 10 μ g/ml gentamicin. To quantify the conversion of conidia into yeasts, conidia expressing GFP in the yeast phase were standardized to 5 ϫ 10 5 /ml and the same protocol followed as for CFSE-labeled conidia, except that the cells were cultured for 7 days. After 24 h of incubation, wells were inspected on an inverted microscope to insure that there were no extracellular conidia. At each time point after infection, the monolayers were washed with HBSS and then fi xed. After storage at 4 ° C for at least 24 h, the monolayers were rinsed with water, and the coverslips were mounted cell side down in 90% glycerol in PBS on microscope slides. The coverslips then were sealed with clear nail polish. The number of conidia or yeasts was quantifi ed by phase-contrast and fl uorescent microscopy. One-hundred cells were counted with time in culture, but still was visible up to 4 days postinfection. Conidia prepared from GFP-expressing yeasts exhibited a dull green color throughout the yeast cytoplasm once transformation occurred (Fig. 1C) .
The quantitation of CFSE-labeled conidia in M φ and DC is shown in Fig. 2 . After 1 h of phagocytosis, an average of 36% of human M φ and 33% of DC contained one or more conidia. While the percentage of cells containing conidia, and the Association Index fl uctuated somewhat over the 4-day observation period, these differences were not signifi cant. We use the term Association Index, as we did not specifi cally attempt to determine which conidia were ingested, and which might have been bound. However, data from our previous studies [15] would suggest that most, if not all, of the conidia were internalized. Further, after 24 h of infection, no conidia were observed free in the medium. Based on the Association Index, phagocytic human M φ and DC contained an average of three conidia per cell after phagocytosis, and this number did not signifi cantly change over the course of 4 days of culture. The average percentage of mouse PM that ingested conidia was 28%, and this number declined slightly over the culture period due to some cell loss. Phagocytic PM contained on average 2.7 conidia per cell (Fig. 2C) . One experiment with CFSE-labeled conidia from GFP-expressing yeasts yielded identical results.
The data in Fig. 3 show the time course for the appearance of H. capsulatum yeasts in M φ and DC infected with conidia prepared from GFP-expressing yeasts. Few if any yeasts appeared during the fi rst 48 h of culture, although occasionally a few yeasts could be seen at 24 h within mouse or human M φ . However, at day 3 post-infection, yeasts appeared in both M φ and DC (Fig. 3) . Although the percentage of human and murine M φ containing yeasts was only about 10% of the cells (Fig. 3 A and C) , the average number of yeasts per M φ was 15. From days 4 through 7 post-infection, the percentage of human and murine M φ that contained yeasts continued to increase, until over 80% of the M φ had large numbers of yeasts ( Fig. 3A and C) . Because the M φ contained more yeasts than could be counted accurately, we set an arbitrary maximum of 20 yeasts per M φ . In addition, at days 6 and 7 post-infection, there was obvious lysis of the M φ monolayers, and loss of cells from the coverslips. Thus, at days 6 and 7 post-infection, many of the yeasts in the remaining M φ probably came from lysed cells. This seems logical as virtually 100% of the remaining M φ ended up containing yeasts, whereas only about 40% of the M φ originally contained conidia.
In contrast to the events that occurred in human and murine M φ , the transformation of conidia into yeasts within human DC was signifi cantly restricted (Fig. 3B) . Indeed, even 7 days post infection, less than 10% of DC contained yeasts. However, as with M φ , yeasts fi rst appeared at day three post-infection. Further, the number of yeasts in the permissive DC continued to increase until day fi ve, and reached a maximum of 15 yeasts per DC. The difference in the percent of human DC vs human M φ that contained yeasts was signifi cant ( P Ͻ 0.05) at days four and fi ve, but not on day three. The difference in the number of yeasts per cell within DC vs M φ was signifi cant ( P Ͻ 0.05) on days three and four, but not day fi ve. We did not perform statistics on the data from days six and seven as many M φ were lysed by replicating yeasts by this time. While it might be argued that comparing two different cell types is not an appropriate use of statistics, it is clear from this data, as well as the following results, that the fate of conidia within M φ vs DC is quantitatively different.
In a second set of experiments, M φ and DC in 96-well tissue culture plates were infected for 1 h with H. capsulatum conidia. The cells then were cultured for 4 days, and the uptake of 3 H-leucine quantifi ed at each time point. The data in Fig. 4A shows the conversion of conidia into yeasts in tissue culture medium. During the fi rst 48 h of culture, Mφ or DC were allowed to phagocytose H. capsulatum CFSE-labeled conidia for 1 h. The monolayers were washed and then cultured for 4 days. At each time point, the monolayers were washed and fi xed, and the number of conidia was quantifi ed by phase and fl uorescent microscopy. The data are presented as the mean Ϯ SEM of six experiments with human Mφ and DC, and fi ve experiments with murine PM. The Percent Infected is the percent of Mφ or DC that ingested one or more conidia. The Association Index is the total number of conidia per 100 Mφ or DC. Fig. 3 Quantitation of the conversion of Histoplasma capsulatum conidia into yeasts in M φ and DC. M φ and DC were allowed to phagocytose conidia prepared from GFP-expressing yeasts for 1 h. The monolayers then were washed and cultured for 7 days. At each time point, the monolayers were washed and fi xed, and the number of yeasts was quantifi ed by phase and fl uorescent microscopy. The data are presented as the mean Ϯ SEM of six experiments with human M φ and DC, and fi ve experiments with murine PM. no yeasts were observed either by cpm, or visual inspection of the wells. Yeasts fi rst appeared on day 3, and continued to replicate rapidly thereafter.
In human M φ infected with conidia, yeasts also appeared at day 3, and were found in large numbers by day 4 (Fig. 4B) . In contrast, relatively few yeasts were observed in human DC over the 4-day period. However, as with M φ , yeasts fi rst were observed around day 3 post-infection in DC. The scale of all three graphs is the same for direct comparison. Similar results were obtained when conidia from GFP-expressing G217B were used for infection (data not shown).
Lastly we examined the transformation of H. capsulatum conidia into yeasts within murine AM and lung DC (Fig. 5) . These assays only were performed in 96-well tissue culture plates since only a limited number Fig. 4 Quantitation of the conversion of Histoplasma capsulatum conidia into yeasts in culture media and within human M φ and DC. Human M φ (B) and DC (C) were infected with the number of conidia indicated, and the monolayers then were cultured for 4 days. After 24 h of culture, all conidia were intracellular as determined by microscopic analysis. Alternatively, conidia were aliquoted into tissue culture medium and cultured for four days (A). At each time point the conversion of conidia into yeasts was quantifi ed by the incorporation of 3 H-leucine. The data are presented as the mean Ϯ SEM of six experiments with conidia in culture medium, four experiments with human M φ , and six experiments with human DC.
Fig. 5
Quantitation of the conversion of Histoplasma capsulatum conidia into yeasts within murine AM and lung DC. AM and lung DC were infected with the number of conidia indicated, and the monolayers then were cultured for 4 days. After 24 h of culture, all conidia were intracellular as determined by microscopic analysis. At each time point the conversion of conidia into yeasts was quantifi ed by the incorporation of 3 H-leucine. The data are presented as the mean Ϯ SEM of four experiments with mouse AM and eight experiments with mouse lung DC.
of AM could be obtained, and because lung DC did not adhere to the glass coverslips. As with the other M φ populations studied, yeasts fi rst appeared in AM on day three post-infection, and large numbers of yeasts were observed by day four post-infection (Fig. 5A) . In contrast, almost no yeasts were observed after infection of lung DC (Fig. 5B) .
Discussion
For dimorphic fungi, the movement from a saprobic life style in nature to the invasion of a mammalian host requires a morphologic switch that is critical for pathogenesis. These pathogenic fungi include Blastomyces dermatitidis , Coccidioides immitis , C. posadasii , H. capsulatum , Paracoccidioides brasiliensis , Penicillium marneffeii and Sporothrix schenckii . These organisms grow in nature as mycelia which bear conidia or spores that infect mammalian lungs when they are dispersed into the air.
The necessity to undergo a morphologic switch, has engendered great interest in identifying the genes that control H. capsulatum morphogenesis. While it is clear that temperature is a major trigger of morphogenesis [23] , the infl uence of the cells of the immune system on this process is largely unexplored. One previous study examined the interaction of murine M φ with mycelia and yeasts [24] . The mycelia consisted of a mixture of mycelia, macroconidia, and microconidia. The authors reported that AM and PM from normal mice permitted the transformation of mycelial phase elements into yeasts. In addition, the vaccination of mice with heat-killed yeasts slowed the transformation of the mycelial phase in M φ and M φ from BCG-treated mice had a reduced number of intracellular mycelial phase elements. Finally, after 3 days of infection, only BCG AM and PM survived infection with the mycelial phase.
In the present study, we quantifi ed the transformation of microconidia into yeasts within M φ and DC. The microconidia are homogeneous compared to a mixture of mycelia and conidia, and, therefore, can be quantifi ed more accurately. In addition, because of their small size, they are the most likely fungal elements to make their way into the alveoli of the lung. Once the conidia were ingested by M φ or DC, the percent of cells containing conidia and the total number of conidia associated with the cell monolayer did not signifi cantly change over a period of 4 days in culture. This is the expected result since the conidia themselves are not known to replicate. Despite the fact that there was minimal conversion of conidia into yeasts within human DC, we did not observe any obvious evidence of intracellular killing or degradation of either conidia or yeasts. No such observations could be made with murine lung DC as these cells did not adhere to the glass coverslips.
A particularly interesting observation is the fact that the appearance of yeasts in M φ at day three was explosive. Thus, even though the percentage of M φ -containing yeasts was only about 10%, the number of yeasts per M φ was 15 or more. One possible explanation is that, while the doubling time of H. capsulation yeasts within M φ is 12 -20 h during steady state growth, there may be a growth burst associated with conidial maturation or conidia-yeast transformation, and the doubling time may be signifi cantly shorter during or soon after the transition.
Yeasts fi rst appeared in M φ and DC at day three postinfection regardless of which assay was used to quantify their appearance. Yeasts also appeared in tissue culture medium after the incubation of the conidia for 3 days. Thus, there appears to be no advantage or disadvantage to the conidia if they are taken up by M φ . In one experiment with human AM, yeasts also fi rst appeared 3 days postinfection (data not shown). Extrapolating to the in vivo situation suggests that it may not matter whether or not conidia entering the alveoli of the lung are taken up by M φ or not, as they would convert into yeasts either way. However, this scenario does not take into consideration the environment of the lung. It is unknown if this environment itself would have an effect on the capacity of H. capsulatum conidia to convert into yeasts.
Our data are in contrast to a previous report that hyphal elements of H. capsulatum transformed into yeasts in guinea pig PM within 24 h, but that no conversion was observed in tissue culture media even after 7 days of culture [25] . The reason for the difference in the results of the two studies is unclear, but the use of hyphae rather than conidia, and the use of guinea pig M φ instead of human or mouse M φ may provide part of the explanation. Also, it is unclear what strain of H. capsulatum was used in the previous study.
In contrast to conidia of H. capsulatum , conidia of P. brasiliensis undergo transformation into yeasts more effi ciently in murine PM than in culture medium [26] . Thus, whereas only about 40% of conidia transformed into yeasts in culture medium over a period of four days, 88% of conidia transformed into yeasts within PM. Activation of PM with IFN γ restricted the transformation of P. brasiliensis conidia, and killed them as well [27] . The mechanism of inhibition of transformation is through the production of NO [27] and the restriction of the availability of iron [28] . TNF α -activated PM also restrict the transformation of P. brasiliensis conidia, but the mechanism is independent of NO production [29] . Interestingly, in vitro murine AM kill conidia in a 4-h assay, an effect that is enhanced by cytokines [30] . However, in vivo P. brasiliensis conidia in the lung begin to transform into yeasts as early as 12 h post-infection [31], suggesting that the conidia probably undergo transformation extracellularly.
B. dermatitidis conidia transform into yeasts after residence for 4 h in murine AM [32] , and after residence for 48 h in human AM [33] . In both of these studies, the AM were lysed after the specifi c time point and the conidia incubated in broth at 37 ° C for 24 h to induce transformation into yeasts. Thus, by experimental design, intracellular transformation of conidia was not observed. Interestingly, culture of human AM for 5 days prior to infection with conidia led to 88% inhibition of the transformation into yeasts, an effect reversed when IFN γ or M-CSF was present during the culture and infection period [33] .
AM from rhesus macaques are permissive for the intracellular transformation of C. immitis arthroconidia and endospores into spherules. Immature spherules appear 24 h post-infection, and mature spherules containing endospores appear 48 h post-infection [34] . In contrast, human monocytes exhibit fungicidal activity against C. immitis arthroconidia [35] . Likewise, conidia of the opportunistic fungal pathogen P. marneffei are killed by murine PM [36] , rabbit AM, and human monocytes [37] . Thus, it is clear from these studies that the fate of conidia within M φ depends on the specifi c fungus, the type of M φ , and the host from whence the M φ are obtained.
The data presented herein demonstrate that H. capsulatum conidia taken up by DC are severely restricted in their ability to convert into yeasts, but it is not clear that the conidia are actually killed and degraded. Since DC are the main antigen presenting cells of the immune system, it is tempting to speculate that some conidia residing in DC eventually are killed, degraded, and antigens processed for presentation to T cells. Further experimentation will be required to prove this conjecture.
In a previous study [16] , we demonstrated that human DC kill and digest internalized H. capsulatum yeasts. Thus, it is curious that yeasts generated from conidia were not immediately destroyed. As the ability of conidia to convert into yeasts was quite restricted in DC, we hypothesize that those conidia that were successful in this enterprise were able to modulate the phagosome, possibly by preventing phagolysosomal fusion (PL-fusion). Thus, yeasts ' born ' into this environment may have been protected from the normally lethal effects that come with exposure to lysosomal hydrolases and cationic peptides [38] . Further studies are required to address this hypothesis.
